We propose a new bandwidth-efficient technique that achieves high data rates over a wideband wireless channel. This new scheme is targeted for a multiple-input multipleoutput orthogonal frequency-division multiplexing (MIMO-OFDM) system that achieves transmit diversity through a space frequency block code and capacity enhancement through the iterative joint processing of zero-forcing detection and maximum a posteriori (MAP) decoding. Furthermore, the proposed scheme is compared to the coded Bell Labs Layered Space-Time OFDM (BLAST-OFDM) scheme.
I. Introduction
Communication systems employing multiple transmit and receive antenna elements, known as multiple-input multipleoutput (MIMO) systems, are gaining considerable interest for next generation mobile wireless communication systems. Theoretical work by Foschini and Gans [1] has shown that in sufficiently rich scattering environments, MIMO systems hold the potential for enormous spectral efficiency-hence capacity-improvements relative to single input, single output systems.
To combat frequency-selective fading, multicarrier systems such as the orthogonal frequency-division multiplexing (OFDM) system [2] , [3] are gaining acceptance as multiplexing schemes over single carrier systems for broadband wireless systems due to their large delay tolerance properties. By combining the MIMO technique and OFDM modulation, such as in Bell Labs Layered Space-Time OFDM (BLAST-OFDM), a high spectral efficiency in a frequency selective fading environment is possible [4] .
Furthermore, to combat fast fading in a mobile environment, error correction coding is required. The "turbo principle" [5] , [6] is regarded as an essential technique to jointly detect and decode the transmitted data through an exchange of information, progressively improving the overall performance.
In this paper, we propose the development of an efficient MIMO-OFDM system by utilizing double space frequency block coding (SFBC) [7] , [8] in order to obtain transmit diversity and a capacity enhancement as well as utilizing the Turbo zero-forcing (ZF) algorithm for iterative error correction capability.
This paper is organized as follows. Section II introduces the MIMO-OFDM system used in this paper. In section III, we 
II. System Model
As shown in Fig. 1 , the source data is encoded using a recursive systematic convolutional encoder, producing code symbol block, , , ,
where K is total number of code blocks. The coded symbol blocks are interleaved and mapped into quadrature phase shift keying (QPSK) symbol blocks
, where
, N i is the number of information bits, R is the code rate, N t is the number of overhead bits, and N m denotes the modulation order. The QPSK mapped symbol stream is double space frequency block code [8] encoded. SFBC encoded blocks are converted into OFDM blocks using an inverse discrete Fourier transform (IDFT) for all antenna input blocks given by
where m is the transmit antenna index, g is the OFDM block index, N c is the number of subcarriers, and T is the original symbol period. As for the received signal after a discrete Fourier transform (DFT) operation, we obtain , c c c c
where Z c is the double SFBC encoded symbols after an IDFT operation, n c is the AWGN with variance N o , and channel 
where M is the number of transmit antennas, and N is the number of receive antennas.
III. MIMO Channel Model
There are three main approaches to MIMO channel modeling: The correlation or METRA model, the ray-tracing model, and the scattering model. The METRA model was used to simulate the MIMO channel in this paper. The METRA model characterizes a spatial correlation by combining independent complex Gaussian channel matrices at the transmitter and receiver [9] , [10] . For multipath fading, an ITU model [11] is used to generate the power delay profile and Doppler spectrum. Since this model is based on ITU's generalized tap delay line channel model, the model is simple to use and backward compatible with existing ITU channel profiles. The procedure for generating MIMO channel characteristics from the METRA model is shown in Fig. 2 . The procedure is divided into two major phases. In the first phase, a correlation matrix is generated for each mobile station (MS) and base station (BS) based on the number of antennas, antenna spacing, number of clusters, power azimuth spectrum (PAS), azimuth spread (AS), and angle of arrival (AoA). These two correlation matrices are combined to create a spatial correlation matrix using the Kronecker product. In the second phase, a correlated signal matrix is created using fading signals derived from various Doppler spectra and power delay profiles as well as a symmetrical mapping matrix based on the spatial correlation matrix. Some of the parameters that can be used in the METRA channel model are shown in Table 1 (source: 3GPP TR 25.876 V1.0.1). Figure 3 shows channel gains generated using the METRA model for a 2 × 2 system in the Pedestrian A environment. The first figure in Fig. 3 shows the channel gains between the first transmit antenna and the first receive antenna. The rest of the figures show the channel gains of the remaining transmit and receive antennas.
IV. MIMO-OFDM Architecture
Two receiver architectures are proposed in this paper. The first architecture uses the BLAST detection method to detect double SFBC encoded symbols, while the second architecture is based on a simple iterative ZF detection method. According to the simulation results, the second receiver architecture-the Turbo ZF method-has a better performance with little complexity.
Double SFBC Architecture
To achieve the transmit diversity gain required in next generation communication systems, the Alamouti space time block coding (STBC) scheme [7] is the most widely used method that has been incorporated into the WCDMA IMT-2000 specifications under the name of space time transmit diversity. STBC multiplexes two symbols onto two antennas over two successive time intervals and is strong against channels with a fast frequency varying channel. However, for a channel that varies rapidly in the time domain, STBC's performance deteriorates rapidly. Therefore, for OFDM systems targeted for a highly mobile environment, an SFBC scheme that multiplexes two symbols onto two antennas over two successive subcarriers is more suitable. Furthermore, as shown in Fig. 4 , SFBC encoding can be applied in a pairwise manner, resulting in twice the capacity gain compared to the conventional SFBC method proposed in [8] . Assuming there are M transmit antennas, a general double SFBC encoding matrix across frequencies i and i+1 could be expressed as, , * 1 
BLAST-OFDM Architecture
The first receiver architecture proposed in this paper to detect the double SFBC MIMO-OFDM transmitted data is shown in Fig. 5 . There are five main modules consisting of an OFDM demodulator, BLAST detector, QPSK demodulator, deinterleaver, and a maximum a posteriori (MAP) decoder [12] . In the OFDM demodulator, DFT operation is performed, where a received signal at each antenna is transformed into a frequency domain signal. The frequency domain signals are then BLAST [13] processed in order to decode the double SFBC encoded data using the channel estimates for each subcarrier c. An ordered successive interference cancellation is performed in the BLAST processing by using a zero-forcing (ZF) technique for linear nulling and a symbol cancellation in each layer. The nulling matrix used for ZF is given by , ) ( = where H ) (⋅ represents a hermitian operation and J c is given by
The output bits are demodulated, deinterleaved, and decoded using a MAP algorithm in the channel decoder. The major obstacle in using the BLAST-OFDM architecture is that the receiver requires performing an ordered successive interference cancellation operation for each subcarrier c. To reduce the complexity and prevent error propagation, a ZF technique is used for double SFBC decoding in the second proposed MIMO-OFDM receiver. By performing one-shot nulling using a ZF algorithm to estimate all the double SFBC encoded symbols, the complexity is greatly reduced compared with the BLAST-OFDM architecture. Furthermore, iterative detection and decoding is used to improve the performance in a progressive fashion. Figure 6 presents a simple schematic of the proposed receiver with an OFDM demodulator, ZF detector, QPSK demodulator, deinterleaver, MAP decoder, and signal regenerator. To perform the iterative detection and decoding processing, the log-likelihood ratio produced by the MAP decoder is used to calculate the expected value of the transmitted signal. The estimated transmitted signal is then used at the signal regenerator to reconstruct the transmitted coded symbol. Consequently, the ZF detector uses the reconstructed signal to improve the detection performance and start the iterative process. Table 1 is used with a speed of 250 km/h. To compare the space coding techniques in frequency and time domains, 1Tx-1Rx, 2Tx-1Rx, and 2Tx-2Rx antenna configurations are used. Furthermore, QPSK modulation is used in Fig. 7 and 16-QAM modulation is used in Fig. 8 . As seen in these figures, there are almost no differences between the STBC and SFBC performances using QPSK modulation; however, when using16-QAM, SFBC is 3 dB better than STBC. This is due to the fact that STBC is very sensitive to time fluctuations in the channel, especially with high order modulation schemes. Next, we consider an OFDM system with a carrier frequency is used with QPSK modulation. We assume a perfect channel estimation and synchronization at the receiver. Figure 9 illustrates the bit error rate results for a BLAST-OFDM scheme with 4 × 2 and 4 × 4 antenna configurations. One can observe that the increase in the number of receive antennas effectively improves the performance. We present the bit error rate performance of a Turbo-ZF and BLAST-OFDM, with both schemes using 4 × 4 antenna configurations, which are shown in Fig. 10 . It is obvious from the figure that Turbo-ZF outperforms the BLAST-OFDM with increasing iterations.
VI. Conclusions
We proposed a novel MIMO-OFDM system that achieves transmit diversity through a space frequency block code and capacity enhancement through an iterative joint processing of zero-forcing detection and MAP decoding. Through computer simulations, we can see that with a simple architecture the proposed system is able to achieve a superior performance compared to a BLAST-OFDM system.
